NOT1 is the scaffold of the CCR4-NOT complex, a highly conserved multi-protein complex that 19 regulates gene expression in eukaryotes. As opposed to most eukaryotes in which NO1 is 20 encoded by a single gene, malaria parasites, Plasmodium falciparum, carry two NOT1 21 paralogues, PfNOT1.1 and PfNOT1.2. Here we showed that the two PfNOT1 proteins function as 22 3 38 possess an additional copy of PfNOT1 in the parasite. Here we described antagonistic regulatory 39 functions of two PfNOT1 paralogues in gene expression during the 48-hour intraerythrocytic 40 developmental cycle. We also reported that their regulatory functions are predominantly post-41 transcriptional and proposed a model in which distinct PfCCR4-NOT complexes defined by 42 mutually exclusive PfNOT1 scaffolds differentially regulate PfCAF1 function in mRNA decay. This 43 study highlights the importance of post-transcriptional regulation in P. falciparum and provides 44 novel insights into mechanisms of gene regulation in this organism. The unique presence of two 45 PfNOT1 paralogues may also open avenues for the development of new drug targets for anti-46 malarial control. 47 4 58 expression [4]. Hence, gene expression is highly regulated across the IDC at multiple levels, 59 ranging from epigenetic regulation, transcription and post-transcriptional regulation. 60 While the basic mechanism of eukaryotic transcription and general transcription components 61 are conserved in P. falciparum [5, 6], most TBP-associated factors (TAF) are absent [6] and only 62 a third of the expected number of canonical eukaryotic transcription activating proteins (TAP) 63 were predicted in the parasite genome [7]. The presence of 27 Apicomplexan-specific 64 transcription factors, ApiAP2, may compensate for the reduction in the number of conventional 65 transcription components [8, 9]. These 27 ApiAP2 proteins display distinct expression profiles 66 covering the entire IDC [8] and their recognition motifs are located in the promoter regions of 67 most genes whose expression profiles are positively correlated to expression of the 68 corresponding ApiAP2 gene [9]. In addition to transcriptional initiation, there is mounting 69 evidence that multiple processes of post-transcriptional regulation are also critical for 70 regulation of mRNA abundance through the P. falciparum IDC [10-12]. This is supported by the 71 abundant presence RNA-binding proteins [13, 14] and RNA degradation components [15] in the 72 P. falciparum genome. The includePfALBA1 [16], PfCAF1 [17] in P. falciparum and PyCCR4 [18], 73 PyALBA4 [19] in rodent-specific P.yoelii all of which functions were directly implicated in 74 regulation of transcript levels. Moreover, variability of mRNA half-lives across the IDC observed 75 by several experimental approaches also suggested a significant contribution of mRNA decay in 76 regulation of gene expression in malaria parasites [20]. Taken together, both transcriptional 77 regulation and post-transcriptional regulation play critical roles in modulating transcript 78 abundance in P. falciparum.
Author summary 34 CCR4-NOT complex is a highly conserved multi-protein complex that regulates gene expression 35 in eukaryotes. NOT1 serves as the scaffold of the complex and plays important roles in gene 36 regulation both transcriptionally and post-transcriptionally. As opposed to other eukaryotes, P. 37 falciparum encodes two paralogues of PfNOT1, raising the question as to the significance to 48 Introduction 49 Plasmodium falciparum is an Apicomplexan parasite responsible for the most lethal form of 50 malaria and is therefore a major global health concern [1]. The lifecycle of this protozoan 51 parasite consists of a sexual stage in the Anopheles spp. mosquito host and an asexual stage in 52 the human host [2] . In a human red blood cell, the parasite passes through three 53 morphological stages -ring, trophozoite and schizont -across the 48-hour intraerythrocytic 54 developmental cycle (IDC), eventually releasing up to 32 merozoites ready to invade red blood 55 cells in a subsequent round of infection [3] . During one round of the IDC, the expression of 56 more than 50 % of genes displays a continuous cascade with transcript levels peaking at the 57 point when their protein products are needed, leading to the "just in time" model of gene 79 CCR4-NOT is a highly conserved proteins complex involved in multiple steps of gene expression 80 regulation across the entire eukaryotic kingdom [21] , present in both the nucleus and 81 cytoplasm [22, 23] . Core subunits include NOT1, NOT2, NOT3/5 paralogues, NOT4, CAF1, CCR4, 82 CAF40, yeast-specific CAF130 and Drosophila/mammalian-specific NOT10 and NOT11 [21] . 83 Structurally, NOT1 is the largest subunit of the CCR4-NOT complex and acts as a scaffold to 84 recruit other subunits [24] . The N-terminal domain of NOT1 interacts with NOT11 and NOT10 85 in Drosophila and mammals [25] . The central MIF4G domain associates with CAF1, which 86 bridges CCR4 to the whole complex [24] . The association of CAF1 and CCR4 to the complex is 87 required for their functions as deadenylases to shorten the mRNA poly(A) tail in yeast and 88 Drosophila [26] [27] [28] , the key step in mRNA degradation [29] . The DUF3819 domain of NOT1 89 interacts with CAF40 [30] . The C-terminal NOT1 domain interacts with NOT2 and NOT3/5 90 paralogues [31] , which associate with transcription factors [32, 33] and histone modifications 91 [34, 35] . The NOT1 domain also interacts with NOT4 [31] , an E3 ubiquitin ligase involved in 92 protein degradation [36, 37] and required for proteasome integrity in yeast [38] . 93 In spite of its broad involvement in multiple levels of eukaryotic gene expression, only 94 limited information exist about the biological function of the CCR4-NOT complex in malaria 95 parasites; particularly its significance for the progression of the parasite life cycle. Initially it 96 was shown that targeted gene disruption of PfCaf1 affected expression of 1,031 genes, 97 including many invasion-related genes, which leads to the release of premature merozoites in P. 98 falciparum [17] . In P. yoelii, PyCCR4 appears to regulate gene expression in gametocytes while 99 disruption of PyCaf1 or PyCcr4 results in a reduction of male gametocyte activation [18] . 100 Moreover, PyCCR4 was show to associate with some transcripts that are dysregulated in the 6 101 parasite lacking PfCcr4A potentially via its intrinsic DNA nuclease activity that is dependent on 102 Cu 2+ [39] . These studies demonstrate the importance of the presumptive CCR4-NOT complex in 103 Plasmodium parasite at multiple stages. The NOT1 subunit has been identified as a negative 104 transcription regulator in yeast [22] , although a positive effect on transcription has also been 105 reported [40] . The association of yeast NOT1 with several transcriptional components, including 106 TBP [41] , TAFs [42] and the RNAPII elongation complex [43, 44] could be found in both the cytoplasm and nucleus ( Fig. 1A-D) . This was supported by the 158 subsequent immunofluorescent assay showing the four proteins present in the cytoplasm as a 159 punctuate pattern ( Fig. 1E-H) . These cytosolic puncta did not overlap with aldolase or DAPI, 160 whcih is consistent with previous reports for the P. yoelii orthologue, PyCCR4 verified by PCR-based genotyping ( Fig. S3A) . Finally, Northern blot analysis showed a complete 214 absence of PfNOT1.1 transcript ( Fig. 2B) . A similar strategy of gene disruption was, however, 215 unsuccessful for PfNot1.2 after three independent transfection experiments ( Fig. S3B) , 216 suggesting that PfNOT1.2 might be essential for parasite viability. Thereafter, we created a 217 conditional protein knockdown parasite line to express PfNOT1.2 fused with an E.coli DHFR 218 destabilizing domain (ecDDD) at the C-terminus (ddPfNot1.2) ( Fig. 2C ). In this system, the 219 transgenic protein is stabilized by the inclusion of the trimethoprim (TMP) ligand in the culture 220 medium. Indeed, the ecDDD insertion was achieved by single crossover recombination and 221 confirmed by genotyping PCR (Fig. S3C) . Using this strategy, we achieved a significant reduction 222 of PfNOT1.2 expression at the schizont stage after removing TMP for three consecutive IDCs 223 ( Fig. 2D and Fig. S3D ).
224
Disruption of PfNot1.1 and conditional knockdown of PfNot1.2 both resulted in significantly 225 lower proliferation rates across three consecutive IDCs ( Fig. 2E, 2F) . In particular, PfNot1.1 226 and ddPfNot1.2 exhibited considerable decreases in invasion rate with more moderate 13 227 defects in ddPfNot1.2 ( Fig. 2G, 2H) , possibly due to incomplete knockdown. This proliferation 228 defect is not associated with the numbers of merozoites produced per schizont by each 229 transgenic line that was comparable to their parental line ( Fig. S3E and S3F) . Moreover, 230 maximum likelihood-based statistical analysis of the IDC transcriptomes showed no significant 231 differences in the progression of PfNot1.1 and ddPfNot1.2 ( Fig. S3G and S3H) . These results 232 suggest that reduced proliferation caused by deactivation of PfNOT1.1 or PfNOT1.2 results from 233 impaired egress and/or invasion process, likely as a reflection of a decreased fitness of the 234 mutant merozoites. opposing pattern of these transcriptional changes in PfNot1.1 and ddPfNot1.2 was also 249 supported by negative Spearman coefficients between the overall transcriptional profiles at 250 each time point ( Fig. 3B) . Indeed, there is a statistically significant overlap (p < 0.001) between 251 these two genes sets with 135 common genes ( Fig. 3C) Here, we observed a total of 150 genes that displayed significantly differential 296 enrichment of RPB1 (> 1.5 fold-change, p < 0.05) between PfNot1.1 and its parental strain 297 across the IDC (Table S4 ). In contrast to differential gene expression, the differential RPB1 298 occupancy in PfNot1.1 was most apparent at ring and trophozoite stages ( Fig. S4A) . Indeed 299 there was a minimal overlap between the 150 genes with differential RPB1 enrichment and the 300 715 genes with differential mRNA abundance with only 17 genes in both gene sets is 301 statistically insignificant (Binomial p > 0.05) ( Fig. 4A) . Moreover, no Spearman correlation could 302 be observed between RBP1 occupancy and differential mRNA profiles at each time point ( In eukaryotic organisms, NOT1-CAF1 interaction is required for the function of CAF1 for mRNA 307 decay and deadenylation [26] [27] [28] . To test whether this association is conserved in P. falciparum, 308 we compared significant transcriptional changes of 782 genes observed in PfNot1.1 or 309 ddPfNot1.2 to those in a transgenic line with disrupted PfCaf1 (PfCaf1) reported previously 310 [17]. Strikingly, differential transcript abundance in PfNot1.1 is positively correlated to that of 311 PfCaf1 ( Fig. 4B and Fig. S4C Subsequently, we carried out comparative analysis of transcriptomes of the resulting parasites, 323 including initial sample at 24 hpi, actD-treated sample and actD-untreated sample (Fig. 4C) . 324 Inhibition of transcription by actD was validated by lower transcript abundance in the actD-325 treated parasites compared to that in the actD-untreated parasites for both PfNot1.1 and the 326 parental strain (Fig. 4D) . We then calculated differential transcript abundance (transcriptional When comparing the amount of decayed transcript between PfNot1.1 and the parental strain, 332 a lower level of mRNA decay was observed for the majority of transcripts in PfNot1.1 (Fig. 4E) , 333 suggesting that the loss of PfNot1.1 does indeed affect mRNA decay. This observation is 334 consistent with the functional correlation of NOT1.1 and CAF1 reported in eukaryotes that 335 NOT1.1-CAF1 interaction is required for the function of PfCAF1 in mRNA decay [26] [27] [28] . 336 Furthermore, we observed that the changes in differential transcript abundance between 337 PfNot1.1 and the parental strain are highly correlated with the changes in decayed transcript 338 abundance (Fig. 4E , Spearman coefficient = -0.851, p < 0.001), but not correlated with the 339 changes in newly-synthesized transcript abundance (Fig. 4F, Spearman propose that PfNOT1.1 and PfNOT1.2 compete to be the scaffold for PfCAF1 binding (Fig. 4G) . To obtain total protein lysate, saponin-lysed schizont pellet was lysed with 4 pellet volumes of 509 Total Lysis Buffer (4% SDS; 0.5% Triton X-100; 50% 1x PBS) by boiling at 100°C for 10 min. HA-510 tagged proteins were detected using 1:1,000 anti-HA antibody (Roche) and 1:5,000 anti-rat 511 antibody (Abcam). Actin as a loading control for immunoprecipitation blot was detected using 512 anti-β-actin antibody (Sigma) and 1:2,000 anti-mouse antibody (Cell Signaling). Aldolase as a 513 cytoplasmic marker was detected by 1:2,000 anti-aldolase antibody (Abcam) and 1:2,000 anti-514 rabbit antibody (GE Health). Histone H3 as a nuclear marker was detected using 1:1,000 anti-515 histone H3 antibody (Abcam) and 1:2,000 anti-rabbit antibody. The ladder used for proteins 516 larger than 240 kDa was 12 µl HiMark Pre-Stained Protein Standard (Thermo Scientific). The 517 ladder used for proteins smaller than 240 kDa was 2.5 µl BLUltra Prestained Protein Ladder 518 (GeneDireX). The secondary antibodies were conjugated with HRP, signals of which was 519 exposed to an X-ray film (Canon) or captured in ImageQuant LAS4000 Chemiluminescent and 520 Fluorescence Imaging System (Fujitsu Life Sciences) and the quantified using ImageJ [81] .
521
Immunofluorescence assays 522 The parental line and HA-tagged transgenic lines were prepared for immunofluorescence assays 523 as previously described [82] . Asynchronous culture in blood smears were fixed in 4% 524 paraformaldehyde and 0.0075% glutaraldehyde for 30 min, permeabilized in 0.1% Triton X-100 525 for 10 min, blocked in 3% bovine serum albumin for 1 hour, incubated with 1:100 anti-HA 526 antibody and 1:1,000 anti-aldolase antibody overnight at 4°C, and eventually incubated with 527 1:1,000 DAPI (Thermo scientific), 1:1,000 Alexa Fluor 488 goat anti-rat (Thermo scientific) and Extracted total RNA was reverse transcribed into cDNA using SuperScript III first-strand 
995
Genotyping PCR was performed to verify the integration of the plasmids into the genome in the  Table S3 . List of genes with significantly differential mRNA abundance in ΔPfNot1.1 and
